The neutron powder diffraction and inelastic neutron scattering (INS) spectra of the electron donor-acceptor complex, tetracyanoethylene-hexamethylbenzene have been studied as a function of pressure to 0.414 GPa. Using the PW91 and PBE density functional theories, the unit cell vectors were calculated as a function of pressure and are compared to those experimentally obtained from the diffraction data. The calculated lattice vectors display large errors at low pressures but were found to be in close agreement with the experimental vectors at 0.414 GPa. Comparison of the experimental INS spectra of the TCNE-HMB enabled assignment of specific vibrational modes while providing a direct measurement of the effect of pressure on the complex. The PW91 vibrational frequency calculations reproduced both the vibrational intensities and frequencies with relative accuracy.
Introduction
The existence of several novel and unique physical properties of electron donor-acceptor complexes, such as magnetism, 1 conductivity, and superconductivity, 2 has generated considerable interest in recent years. It has been discovered that through control of external parameters such as temperature, pressure, and magnetic field strength, the magnitude of these properties can be tuned. 3 Although these materials are rapidly gaining extensive employment as integrated circuit components and sensors for mobile phones, 4 widespread potential exists for other applications. These complexes have been experimentally characterized for many years, yet much of the chemistry and physics of these materials that result in such unusual properties is just now being discovered. For new applications to emerge, it is necessary to first gain a deeper understanding of the fundamental characteristics of these materials, such as the relationship between intramolecular and intermolecular interactions, the internal conformation, relative orientation, and vibrational behavior.
Electron donor-acceptor (EDA) complexes are typically weakly interacting compounds that are formed when a donor molecule, D, donates an electron to an acceptor molecule, A. 3 The bonding arrangement in the solid-state is governed by electrostatic forces, and in most cases, the donor and acceptor molecules are arranged in stacks consisting of alternating donor and acceptor ions. The stacks are held together by weakly interacting van der Waals forces. The open-shell character of EDA complexes commonly results in electron-electron, electron-phonon, and spin coupling in the solid-state, as well as a variety of electronic instabilities, such as Mott, Peierls, and spin-Peierls transitions. 5 Although vast experimental knowledge about EDA complexes exists, theoretical descriptions remain rare and it is only in recent years several papers have appeared on the subject. [6] [7] [8] [9] [10] [11] Solid-state quantum chemical calculations are routinely used to examine the properties of solids, interfaces, and surfaces for a wide range of material classes and offer new hope in solving difficult quantum chemical problems that require more parameters than can be included in an isolated molecule simulation. By using a combined theoretical/experimental approach, the accuracy of these theoretical methods has greatly improved in recent years. Inelastic neutron scattering (INS) spectroscopy is a vibrational spectroscopic technique commonly employed as a fundamental test of theoretical methods. Inelastic neutron scattering spectra can be directly correlated to the normal mode eigenvectors, which are part of the standard output of an ab initio simulation. The large scattering cross-section of hydrogen can be exploited to obtain a vibrational spectrum that reveals primarily hydrogen motion. The intensity of all lattice and molecular vibrations observed in the spectrum is directly proportional to the sum of the squares of the hydrogen displacement vectors for a particular normal mode of vibration. Numerous recent investigations comparing INS vibrational and theoretical spectra exist, including a recent report on an EDA complex formed between tetracyanoquinodimethane (TCNQ) and hexamethylbenzene. [11] [12] [13] [14] [15] [16] [17] [18] [19] The focus of this work concerns the electron donor-acceptor complex formed between tetracyanoethylene and hexamethylbenzene (TCNE-HMB), shown in Figure 1 . At room temperature, X-ray diffraction shows equally spaced TCNE and HMB molecules arranged in a DADADA arrangement with an intermolecular spacing of 3.35 Å. 20 This spacing decreases to 3.28 Å at 113 K. 21 The TCNE-HMB complex has been subject to extensive experimental characterization using X-ray diffraction, 20, 21 optical absorption spectroscopy, [22] [23] [24] infrared spectroscopy, [25] [26] [27] [28] [29] [30] Raman scattering [31] [32] [33] [34] [35] [36] [37] and most recently, inelastic neutron scattering. 10 Several attempts have been made to obtain an accurate theoretical representation of the complex, but many of these studies have been limited due to use of an isolated complex as the model for the simulations. 9, 28, 38 Recent solidstate calculations have demonstrated the importance of including the intermolecular interactions to obtain an adequate description of the TCNE-HMB complex. 10 Optical absorption [39] [40] [41] [42] [43] [44] and infrared spectroscopy 44, 45 have been used to characterize pressure-induced changes of the TCNE-HMB complex in solution and the solid-state, respectively. Optical spectra obtained as a function of pressure indicated an increase in the ionic character of TCNE-HMB. [39] [40] [41] [42] [43] [44] This is corroborated with the IR data that showed all vibrational frequencies linearly increase as a function of pressure. 44, 45 Interestingly, the intensity of the CdC (A g ) band of TCNE increased almost 5 times between 0 and 10 GPa. The increase in intensity as a function of pressure for this particular vibration was proposed to be due to a subtle shift of the TCNE molecule from the site symmetry occupied in the atmospheric pressure crystal structure. 45 This shift was expected to be at, or near, the resolution limit of the X-ray diffraction structure; thus no crystallographic analysis was undertaken at that time. As such, it seems justified to seek an understanding of the pressure dependent physical properties of the TCNE-HMB complex.
We report here the results of neutron diffraction, inelastic neutron scattering, and theoretical studies of TCNE-HMB compressed to 0.414 GPa at 50 K. Our neutron diffraction studies to 0.414 GPa show a much higher compression of the b axis, relative to the a and c axes. Large errors are observed in the calculated unit cell vectors, which systematically decrease as the pressure increases. Presumably, these errors in the unit cell vectors reflect the lack of van der Waals' forces implemented in current density functional theory (DFT) functionals. This phenomenon has also been reported during crystal structure predictions of energetic materials. 46 Vibrational modes for the solid-state TCNE-HMB complex under pressure were generated using density functional theory ab initio quantum mechanical calculations. Good correspondence between the calculated modes and experimentally obtained spectra allowed the assignment of vibrational modes to the experimentally observed INS peaks.
Materials and Methods
Experimental Details. Tetracyanoethylene and hexamethylbenzene were obtained from Sigma Aldrich and used without further purification. The EDA complex, TCNE-HMB, was synthesized according to previously published methods. 21 Approximately 1.5 g of the TCNE-HMB complex was ground into a fine powder and loaded into a cylindrical aluminum pressure cell and placed into a top-loading cryostat. The polycrystalline powder was held at 50 K for the duration of the experiments. The pressure cell used for these experiments is constructed from a 40 mm diameter cylindrical piece of aluminum and is able to reach a maximum pressure of 0.414 GPa. The sample compartment is a cylindrical opening 5 mm in diameter and 45 mm long. One end of the cell is sealed using a steel ball and screw mechanism and the other end is connected to the pressure intensifier by a stainless steel capillary. Specific details concerning the method for pressurizing the cell can be found at the NIST Center for Neutron Research website. 47 Neutron Powder Diffraction. Angle-dispersive neutron powder diffraction experiments, using a neutron wavelength of 1.5402 Å, were carried out at the BT-1 thirty-two-detector neutron powder diffractometer at the National Institute of Standards and Technology Center for Neutron Research (NCNR) in Gaithersburg, MD. The Cu (311) monochromator was employed for all of the experiments described herein and data were collected over the range 3-168°2θ for approximately 24 h at each pressure. 48 The General Structure Analysis program 49 graphical user interface EXPGUI 50 employing Rietveld refinement was used to obtain the unit cell parameters in the 5-36°2 θ and 46-165°2θ ranges. Diffraction between 36°and 46°2 θ is dominated by two intense aluminum diffraction peaks, which represent the (001) and (111) Inelastic Neutron Scattering. Inelastic neutron scattering spectra were collected between 40 and 1200 cm -1 , on the Filter Analyzer Neutron Spectrometer (FANS) located at BT-4 at the NIST Center for Neutron Research, through the use of both the copper (Cu (220)) and pyrolytic graphite (PG (002)) monochromators. The scattered neutrons were collimated with 20/ 20 min of arc divergence prior to inelastic scattering by the sample. The scattered neutrons first passed through a bismuth filter that removes any spurious Be-phonon excitations and then Bragg cutoff filters of polycrystalline beryllium and graphite that remove all neutrons with energy greater than 1.8 meV. Though the FANS instrument is capable of scanning from ∼32 to 1700 cm -1 , this experiment focuses only on the 40-1200 cm -1 range. More specific details are available regarding the FANS instrument. 51 All experimental INS spectra presented in this paper were normalized for background scattering using the Data Analysis and Visualization Environment (DAVE) program. 52 Computational Details. The calculated crystal parameters and normal modes of vibrations were obtained as a function of pressure using the Vienna Ab Initio Simulation Package (VASP). 53 The lattice parameters were obtained as a function of pressure using both the Perdew-Burke-Ernzerhof (PBE) 54 and Perdew-Wang 91 (PW91) 55 functionals. Only the vibrational results using the PW91 functional are presented here, as we were unable to obtain reliable vibrational frequencies using the PBE functional. Vanderbilt ultrasoft pseudopotentials (USP) 56 and Monkhorst-Pack k-point generation methods were used for all calculations. Calculations were run at 280, 330, 430, 495, 545, and 645 eV to test for convergence, which was noted at 545 eV.
In all calculations, no symmetry restrictions were imposed. At atmospheric pressure, the calculations were started from the unit cell and structural parameters listed in the Cambridge Structural Database. 21 The electronic energies were allowed to converge to 2.0 × 10 -6 eV and the structure was considered converged once the difference in free energy between gradient steps was less than 2.0 × 10 -5 eV. Calculations were done at 0.138, 0.276, and 0.414 GPa to coincide with our experimental measurements. These calculations were started from the optimized structures obtained from optimizing the structure of the next lowest pressure. The optimized molecular geometries were then used to determine the Hessian matrix and the vibrational frequencies of the TCNE-HMB complex via the finite difference method. The theoretical inelastic neutron scattering spectra were constructed from the normal mode eigenvectors using the A-Climax program v.5.1.3. 57, 58 Results and Discussion Unit Cell. Neutron diffraction patterns were obtained for the TCNE-HMB complex as a function of hydrostatic pressure to 0.414 GPa. Because only the first twenty peaks of the experimental data were available for refinement, it was not possible to assign the atomic coordinates to each molecule in the asymmetric unit cell using Rietveld analysis. Therefore, we will not discuss the accuracies of the calculated molecular geometries. Instead, this section will focus on the accuracy of the calculated unit cell parameters as a function of pressure.
The experimental unit cell parameters are reported in Table  1 as a function of pressure. The unit cell parameters and volume obtained at 50 K (0 GPa) are similar to the parameters and volume reported at 113 K. 21 The volume decreases by 0.24% upon cooling from 113 to 50 K. As expected, the overall experimental volume of the unit cell decreased with increasing pressure from 398.626 Å 3 at 50 K (0 GPa) to 377.221 Å 3 at (4) 6.617 (2) 6.542 (8) 6.465 (1) 6.433 (1) 6.460 (4) b (Å)
8.614 (2) 8.634 (0) 8.896 (3) 8.716 (3) 8.632 (5) 8.941 (6) 8.833 (3) 8.492 (9) 8.861 (6) 8.772 (1) 8.365 (6) 8.325 (2) 8.350 (9) c (Å)
8.656 (1) 8.638 (3) 8.938 (2) 8.891 (7) 8.634 (2) 8.821 (0) 8.714 (5) 8.516 (6) 8.690 (1) 8.616 (3) 8.509 (2) 8.472 (9) 8.497 (9) R (deg)
108.22 (2) 108.294 (5) 108.015 (1) 108.327 (1) 108.292 (0) 108.306 (7) 108.296 (1) 107.530 (1) 107.535 (2) 107.527 (1) 106.993 (2) 106.989 (8) 106.999 (1) (deg)
102.61 (2) 102.682 (6) 102.737 (8) 102.694 (3) 102.672 (6) 102.679 (4) 102.665 (3) 103.128 (1) 103.126 (7) 103.124 (4) 103.506 (3) 103.501 (3) 103.503 (3) γ (deg)
111.74 (2) 111.804 (3) 111.820 (5) 111.806 (6) 111.806 (2) 111.814 (3) 111.813 (6) 111.381 (6) 111.375 (4) 111.379 (2) 111.766 (5) 111.771 (6) 111.757 (2) vol 0.41 GPa. This corresponds to a 5.37% decrease in the volume of the unit cell. As is shown in Table 1 , the compression of the b axis increased sharply between 0.138 and 0.276 GPa in comparison to the a and c axis. The higher compression exhibited by the b axis implies that the entire unit cell compresses anisotropically. This effect is not uncommon in layered materials, and in the TCNE-HMB complex the b axis lies in the direction perpendicular to the stacked layers. These layers are held together only by weak van der Waals' interactions. Therefore, one would expect the b direction of the unit cell to be much more compressible than either the a or c direction of the unit cell. The calculated unit cell parameters as a function of pressure using the PBE and PW91 methods are summarized in Table 1 . The observed errors for the experimental lattice parameters derived as a function of pressure are provided in the Supporting Information, Table S1 . Comparison of the calculated unit cell parameters and the experimental parameters reveals large errors It has been proposed that overestimation of lattice vectors arises from lack of proper van der Waals forces in current DFT 46 In the case of the TCNE-HMB complex, the largest error in the individual lattice vectors is observed for the b lattice parameter. Along the b axis, as previously discussed, van der Waals forces are largely responsible for holding the crystal together. As pressure increases, the error decreases because the stacks are forced into a closer packed arrangement and the electron densities begin to overlap. Both the a and c lattice vectors systematically decrease as pressure increases. Although the calculated b lattice vector slightly increases in length between 0 and 0.138 GPa, this correctly models the experimental behavior. Above 0.138 GPa, the length of the b vector decreases. At 0.414 GPa, the values of all lattice parameters agree relatively well with experiment. Molecular Vibrations. The inelastic neutron scattering spectra of the TCNE-HMB complex obtained at 50 K are shown in Figure 2 as a function of pressure. The spectra are offset for ease of comparison. At low frequency, in the spectral range of 40-300 cm -1 , the INS spectra are characterized by several strong vibrational modes atop a broad envelope of intensity, which tails off to higher frequency. As is shown in the literature, this vibrational pattern is characteristic of hexamethylbenzene, which has several intense methyl torsions and phonon modes in this vibrational region. 58 The center of the broad band at 0.414 GPa is not noticeably shifted relative to that at 0 GPa, but it can be shown through close examination of Table 2 , which details the vibrational assignments of the TCNE-HMB complex as a function of pressure, that several vibrational modes, in particular methyl torsions, have large vibrational shifts of 15 cm -1 or more. The two intense bands at 121 and 169 cm -1 in the 0 GPa spectrum correspond to those at 141 and 190 cm -1 in the 0.414 GPa spectrum, with vibrational shifts of 20 and 21 cm -1 , respectively. Large red shifts have been suggested to result from of an increase in the ionic character of the EDA complex and the existence of a phase transition, termed the neutral-to-ionic transition, has been reported at higher pressures for several EDA complexes. 59 In contrast to the large vibrational shifts at 120 and 169 cm -1 , the two methyl torsion modes ca. 220 cm -1 (0 GPa) and 401 cm -1 (0 GPa), are only slightly affected by pressure application and vibrational shifts of only 3-6 cm -1 are observed. These relatively small shifts can likely be attributed to the intrinsic width of these vibrational bands in the INS spectra, as a result of overlapping of the fundamental vibrations with combination and overtone bands, leading to a smaller peak shift than is actually present.
Slight differences in the vibrational patterns as a function of pressure are also observed in the regions near 350, 375, and 440 cm -1 . The relatively intense broad peak attributed to two methyl torsions ca. 340 and 343 cm -1 at 0 GPa split into two distinct bands at a pressure of 0.276 GPa. The two methyl torsions at 373 cm -1 (0 GPa) and 380 cm -1 (0 GPa), which appear as a single strong band near 375 cm -1 , also show splitting at 0.138 and 0.414 GPa. The evolution of the vibrational modes between 340-350 and 370-380 cm -1 as a function of pressure is a direct result of the changing geometry of the methyl groups. As pressure increases, the staggered arrangement of the methyl groups, which is found at ambient conditions, becomes more pseudoplanar in nature. This, in turn, results in differing degrees of vibrational shifts. The vibration near 440 cm -1 can be attributed to a methyl deformation, which shows slight evidence of vibrational splitting at 0.276 GPa. Because no other vibrational modes are found in close proximity, factor group splitting could cause the splitting of this vibrational band, as symmetry related methyl groups are forced to reside in different environments as pressure increases.
DFT Calculations. The INS experimental frequencies and calculated vibrational frequencies were used to investigate the symmetries associated with the pressure-induced changes observed in the TCNE-HMB complex. Table 2 presents a comparison of the observed and calculated frequencies of the TCNE-HMB complex as a function of pressure. Descriptions of the molecular motion for the normal modes in the region studied are also presented in Table 2 . These assignments of molecular motion are in close agreement with previously published data 10 and the INS vibrational frequencies calculated with the PW91 functional closely model the experimental INS data for all pressures studied. At 0 GPa, the rms value is 2.41 cm -1 . The corresponding rms value at 0.138 GPa is 3.68 cm -1 . The rms value increased slightly to 4.03 and 3.31 cm -1 at 0.276 and 0.414 GPa, respectively.
Individual comparisons of the experimental and calculated INS spectra are shown in Figures 3-6 as a function of pressure. A comparison of Figures 3 and 6 shows the intensities of the calculated INS spectra change significantly upon pressure increase, while the intensities of the experimental spectra remain virtually the same. This is particularly apparent in the spectral region between 800 and 900 cm -1 , a region that is characterized by several out-of-plane motions of the methyl groups. Because the intensity of an INS transition is dependent upon hydrogen displacement, an increase in calculated intensity indicates the calculated molecular geometry is slightly different from the true crystal structure. However, this can only be confirmed through a high-resolution crystallographic analysis, which is beyond the scope of this paper.
A comparison of the calculated and experimental frequencies summarized in Table 2 and Figures 3-6 reveals, in general, good frequency and intensity agreement between calculation and experiment. The calculations presented in this paper are somewhat limited in the sense that they do not include vibrational intensity from the external lattice modes of the complex, which is reflected by the absence of strong phonon bands below 200 cm -1 . To further improve upon the agreement of calculation and experiment, it will be necessary to perform a full crystal calculation on a "supercell".
Six intermolecular vibrational modes were predicted for each pressure. The HMB-TCNE stretching vibration was predicted at 40 cm -1 at 0 GPa and was experimentally observed at 44 cm -1 . Under pressure, the vibration experimentally red-shifted to 58 cm -1 , with a calculated value of 58 cm -1 . Three HMB-TCNE tilting modes were experimentally observed at 54, 64, and 73 cm -1 at 0 GPa, with calculated counterparts of 60, 64, and 79 cm -1 , respectively. These vibrations, at 0.414 GPa, shifted to 62, 78, and 89 cm -1 with calculated values of 62, 75, and 86 cm -1 , respectively. The intermolecular modes of EDA complexes are highly coupled to the degree of electron transfer and such large red shifts indicate an increase in the ionic nature of the TCNE-HMB complex over this pressure range. 60 Large vibrational shifts are also calculated to occur for three out-of-plane HMB vibrations near 842, 856, and 1073 cm -1 . Confirmation of the shifts associated with these vibrations is not possible experimentally because of the low intensity. Several in-plane vibrations, which are calculated at 812, 878, 915, and 1050 cm -1 have an average vibrational shift of 20 cm -1 . Only the shift of the vibration at 1050 cm -1 can be confirmed experimentally.
Conclusions
Structural and molecular changes in the TCNE-HMB complex compressed to 0.417 GPa were investigated using neutron diffraction, inelastic neutron scattering, and quantum chemical calculations. Analysis of the neutron powder diffraction at 50 K indicated anisotropic compression of the b axis. The b axis lies perpendicular to the molecular stacks, which only interact by van der Waals forces, making it highly compressible. It is expected that the spacing between the molecular stacks will continue to decrease until dissociation begins at approximately 6 GPa. 44 The very good frequency agreement between the observed and computed inelastic neutron scattering spectra implies that the computational methods used provide a reasonably accurate quantitative description of the TCNE-HMB complex as a function of pressure. Several vibrations with a large degree of methyl motion had calculated vibrational shifts of greater than 10 cm -1 over the pressure range studied. Unfortunately, in some cases, we were unable to experimentally confirm the vibrational shifts predicted by the calculations, due to poor resolution or low vibrational intensity. Infrared or Raman spectroscopy with less spectral congestion can perhaps be used to identify these shifts.
Although some vibrational peaks were not able to be experimentally resolved, there seems to be good reason to suggest that these computations are reliable. To improve the agreement between experiment and calculation, it will be necessary to perform more extensive solid-state calculations with the use of a supercell. However, from the degree of frequency agreement between the experimental and simulated INS spectra, we can imply that the molecular geometry must be qualitatively correct. We suggest that the large degree of errors observed in the lattice vectors have little effect on the overall molecular structure, but a definite conclusion as to this will require confirmation of the molecular positions, via single-crystal diffraction, as a function of pressure.
